MFI-type zeolite membranes are effective for molecular separations, however suffer from non-selective defects. Here we show a means of plugging defects by infiltrating with rigidly bound multivalent ions, and demonstrate improvement to performance as showed a strong uptake of Fe 3+ and Al 3+ . N 2 gas porosimetry showed an increase in micropore proportion, being evidence that adsorbed ions did not enter the intrinsic pores of MFI-type zeolites, instead occupying the larger microporous (grain boundaries) and mesopores. X-ray diffraction (XRD) showed shrinkage in the zeolite crystal, being evidence of loss of monovalent cations within the intrinsic pores supported by the ion uptake results. Zeolite membranes were infiltrated with the solution at 7MPa. Acid and water leaching revealed Fe 3+ was the most strongly incorporated. This was confirmed by energy-dispersive X-ray spectroscopy (EDS) mapping on the surface of the membrane. The practical effect of the defect repair method was demonstrated on four membranes, where salt rejections in a reverse osmosis experiment were consistently improved (e.g. salt rejection increased from 24% to 84%). Further work should consider benefits to other applications of zeolite membranes including gas separation and pervaporation.
Introduction
Desalination is now commonly performed using membrane technology in reverse osmosis (RO) mode. The fundamental requirement of the membrane to carry out desalination by RO is an inherent ability of the membrane to repel ions, but pass water.
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While conventional RO membranes made from polyamide are low cost and offer high flux (12) (13) (14) (15) (16) (17) Lm -2 h -1 for seawater with a typical total dissolved solids of 35000 mgL -1 at operating pressure of 5.5-6.5 MPa) [1] and excellent ion rejection (up to 99.8% salt rejection) [2] , they are not stable under more challenging environments such as heat (>80 °C), oxidants such as chlorine and extremes of pH. Inorganic and organic/inorganic hybrid materials can offer these properties, but the material must possess the essential functional feature to pass water molecules and block ions (i.e. desalination). SAPO-34 (a silicoaluminophosphate with chabazite (CHA) type framework) and ZIF-8 (zeolitic imidazolate framework) have been explored for RO desalination but did not possess the correct structure or integrity to permeate water and reject salts [3] . However inorganic materials which possess these properties are silica [4, 5] , hybrid organically bridged silica [6, 7] and zeolites [8] [9] [10] [11] [12] [13] .
Synthetic zeolite materials have been extensively studied for a variety of applications including catalysis, adsorption, sensing and separation [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Significant progress in the preparation and characterisation of zeolite membranes has stimulated research in their application for various molecular level separations including gas phase and liquid phase mixtures. Zeolite materials are also promising candidates for filtration of aqueous solutions, where their small pores enable a functional property to diffuse water but reject organics and/or ions [17, 22] . In these applications, their chemical robustness makes them ideal candidates for more durable operation and simplified processes.
Several research groups have explored the possibility of using MFI-type zeolite membranes for their unique open structural properties to achieve salt rejection for M A N U S C R I P T
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4 desalination application [2, 12, [17] [18] [19] [20] [21] [24] [25] [26] . The MFI-type zeolite has orthorhombic crystal symmetry with nearly cylindrical, 10-member ring channels. The aperture size of the MFI-type zeolite is around 0.56 nm [19] , which is smaller than the sizes of hydrated ions but larger than the kinetic diameter of water as shown in Table 1 [27] . Recent studies showed that MFI-type zeolites had dynamic behaviour when interacting with different ion complexes (e.g. seawater), and thus caused a change in structure and porosity that could impact on diffusion properties of this material when used as a desalination membrane [28, 29] . For example, monovalent cations (e.g. K + , Na + ) can uniquely enter the zeolite lattice pores, while divalent cations (e.g. Ca 2+ , Mg 2+ ) can be absorbed into the grain boundaries of zeolites. Table 1 Kinetic diameter of water and hydrated ions [27] . Performance testing has demonstrated that MFI-type zeolite membranes working in reverse osmosis (RO) mode are able to deliver high ion rejections; for example, a high rejection (>93%) was achieved for Ca 2+ , Mg 2+ and Na + from a 0.3wt% seawater solution M A N U S C R I P T
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H
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5 at 700 kPa [25] , and Na + rejection was measured at 99.4% at 2.76 MPa for 0.1 M NaCl solution (5,840 mg L -1 , or approximately 9,150 µS cm -1 ) [12] . Recently, researchers have also attempted to treat synthetic industrial solutions using MFI-type zeolite membranes [11, 12] . These studies showed that MFI-type zeolite membranes had great potential for separation of dissolved organics from aqueous solution, as an example an organic rejection of 99.5% was achieved for 100 ppm toluene with a water flux of 0.03 Lm −2 h −1 at an operation pressure of 2.76 MPa [12] . Recent work from our laboratories [2] demonstrated the use of MFI-type zeolite membranes for desalination of saline recycled wastewater, highlighting the possibility of avoiding the costly pretreatment needed for polymeric RO membranes. The zeolite membrane achieved a salt rejection of 80% and an organic rejection of >90%. The zeolite membrane also withstood 168,000 ppm.h of chlorine exposure demonstrating its high chemical tolerance enabling simplified cleaning and biofouling control techniques. Despite these promising outcomes, to reduce capital cost and increase desalination capacity, flux and rejection of zeolite membranes need to be simultaneously improved. Fluxes have been reported in the range of 0.5-1.4 Lm -2 h -1 at a pressure of 2.76 MPa [30] , which is lower than polymer RO membranes. Zeolite membrane thickness is considered as a potential reason for reduced flux. Zeolite membranes (a few µm thick) [2, 17, 18] are much thicker than commercial RO membranes (0.2 µm) [31, 32] . Membrane resistance to water transport is proportional to the dense skin thickness and hydrophilic property.
Some studies have shown that the flux of zeolite membranes could be improved by changing the hydrophobicity of the membrane [30] or by filtering through a thin single crystal zeolite nano-membrane [33] . Improved membrane films must also have sufficiently high quality as flow in defects is responsible for the lost rejection. Therefore
techniques to repair defects may be useful in improving membrane flux and separation performance.
Making intact zeolite membranes reliably is another major issue. The prior studies have identified that multivalent cations cannot enter the intrinsic zeolite pores, while monovalent cations such as K + and Na + can but are hindered by the inability for the counter ion Cl -to enter yielding a desalination effect [34] . Trace amounts of multivalent cations such as Ca 2+ in seawater can occupy the grain boundaries but are also blocked in defect free membranes. Meanwhile larger cations such as Fe 3+ and Al 3+ will likely have a strong association with the zeolite structure due to their higher valance and ability to co-ordinate and form rigid networks. This supports the concept that these ions by virtue of their exclusive occupation of large defect pores via multiple co-ordination sites could potentially be utilised to inhibit non selective flux in defect pores but maintain water permeation through the intrinsic pores. In order to infiltrate the cations into the defects, their ability to co-ordinate first needs to be minimised by reducing their interaction with the zeolite by reducing the surface charge which is normally strongly negative for the silica rich zeolite. For silicalite (having no added aluminum) the surface isoelectric point was observed at a pH of 5. Above this value, the zeolite surface was negative, and below this value the surface became very slightly positive [35] . However, the Al 2 O 3 -supported MFI membranes are generally not Al free in their frameworks despite the use of Al-free synthesis solutions during the membrane preparation [18, 36] . Al can be incorporated into the zeolite framework due to the dissolution of the Al 2 O 3 surface in the high concentration of NaOH synthesis solution and solid-state diffusion of Al 3+ during calcinations [37] . Alumina incorporation into the zeolite (ZSM-5) reduced the charge to negative again, even at the lowest pH measured of 3 (tested up to pH of 12),
however, there appeared to be a slight trend to continue towards a neutral surface as the pH was reduced to less than 3 [35] . Therefore, ion infiltration should be performed at low pH (e.g. <3) where charge value is lowest due to weak charges of the material surface around this low pH value, and the strong charge attraction of the ions within the grain boundaries can be established by returning pH to the membrane's operational value typically around pH 7 where very strong negative charges of the zeolite are observed. The aim of this study is to undertake the first known investigation into the use of infiltrated multivalent ions for the defect repair of zeolite membranes, and demonstrate the effectiveness in membrane desalination reverse osmosis application.
The study was carried out by first exploring the uptake of common low cost multivalent ions Fe 3+ , Al 3+ , Ca 2+ and Mg 2+ into MFI-type zeolite powders. The change to crystal structure as a result of the ion uptake was analysed by X-ray powder diffraction (XRD), and the porous property was analysed by N 2 porosimetry. In order to confirm the function of defect repair by infiltration of the ions, a MFI-type zeolite membrane was fabricated on top of a tubular α-alumina substrate by seed rubbing [2, 24, 38, 39] and secondary hydrothermal growth [2, 24] . The prepared membrane was infiltrated at high pressure using the ion solution. The strength of the ion association into the zeolite was evaluated by acid solution and water leaching. The infiltrated membrane was then evaluated by gas permeation (H 2 and N 2 ) and then the repair method was tested for improving reverse osmosis salt rejection performance.
Experimental and methods
Materials
The Instruments, UK), where at pH 7.5 it has been measured at -38 mV [20] . Exposure of the zeolite to the ion solution at the measured pH (2.03) therefore provided a surface charge that was ideally weak in order to minimalise the charge attractions and repulsions between the ions and zeolite surface, which maximises the ability for infiltration of the ions into the defects of the entire material.
1 M tetra-propyl ammonium hydroxide (TPAOH) solution and tetraethyl orthosilicate (TEOS) (98%) used for membrane preparation were purchased from Aldrich. The MFItype zeolite seeds (ZSM-5, SiO 2 /Al 2 O 3 = 360) used for seed-deposition were supplied by ACS Material, USA. The particle size distribution of the MFI-type zeolite seeds was measured to be between 1,000 nm and 3,000 nm (peaking at ~1,800 nm) [24] .
The porous α- 
Structural characterisation of powder samples
The original and ion infiltrated zeolite powders (washed) were characterised by XRD and N 2 porosimetry. XRD was performed with D/Max-2550pc X-ray powder diffractometer using CuKα radiation (tube operating at 40 kV and 250 mA) with scintillation detector in the range of 3-90º 2θ with a 0.02º step and 1 second per step counting time. Variable slits (DS and SS) were used and RS slit was 0.15 mm. To investigate the structure changes in three dimensions, structural refinement using the Rietveld method [40] was carried out on the XRD data obtained for the original and multivalent ion solution exposed zeolite samples. All the structure refinements were performed using MDI Jade 9.0 software (Materials Data Inc., USA). N 2 adsorption experiments were carried out using a TriStar 3000 porosity analyser (Micromeritics, USA) at liquid N 2 temperature on samples degassed under vacuum for 4 h at 150 °C. In order to reduce instrumental error, the equipment was calibrated with the carbon black standard sample (specific surface area: 30.6 m²g -1 for multi-points and 29.9 m²g -1 for single-point) supplied along with the instrument prior to testing on the zeolite samples.
The specific surface area of the carbon black standard was measured at 30.9 m²g -1 for multi-points and 30.2 m²g -1 for single-point. The error range was around 1%.
Preparation of MFI-type zeolite membrane
The MFI-type zeolite membrane was coated on the above-mentioned porous α-Al 2 O 3 tubular support by a seeded secondary growth technique that has been published elsewhere [2, 24] . In this technique, the seed-deposition was performed by directly rubbing MFI-type zeolite seeds (ZSM-5, SiO 2 /Al 2 O 3 = 360, ACS Material, USA) onto the α-Al 2 O 3 support [38, 39] . Following seed-deposition, hydrothermal secondary growth was carried out in a growth solution of 2 mL of 1 M TPAOH, 2 mL of TEOS and 36 mL DI water at 180 °C for 16 h. After growth, the membrane was washed in deionised water to remove loose precipitate and was then calcined at 500 °C for 4 h.
Membrane ion infiltration procedure
Infiltration of ions was performed using pressurised filtration of the ion solution through the zeolite membrane. The ion solution was fed to the membrane at an applied pressure of 7 MPa and room temperature (21 °C) in a system similar to that used for desalination test in our previous work [24] . The membrane was installed into the stainless steel membrane housing, and the ion solution was fed at a flow rate of 
2.6 Membrane characterisation
Gas permeation was used to evaluate intactness of the zeolite membrane. Permeation of either He or N 2 was carried out by feeding the gas at 100 kPa to the film-side of the membrane using a simple membrane test system as described in a previous study [24] .
Gas permeation testing was conducted at 100 ºC in order to remove adsorbed water from the pores to enable gas probing of the zeolite micropores. Permeation was calculated by normalising the data to the membrane area and pressure drop monitored by a TPI 665 digital manometer (Test Products International, Inc. USA) during the permeation test. Elemental analysis on the membrane surface was performed by energydispersive X-ray spectroscopy (EDS) on a CamScan MX2500 microscope (CamScan
Optics, Cambridge, UK). EDS data were collected using an EDAX detector and analysed using EDAX Team software.
Results and discussion
3.1 Ion infiltration into zeolite powders 3.1.1 Ion behaviour during infiltration Table 2 shows the concentration of cations present in the supernatant after mixing the ion solution with MFI-type zeolite powder. The concentrations after mixing the zeolite with DI water are presented first in Table 2 and Ca 2+ by MFI-type zeolites when exposed to seawater have been observed in previous studies [28, 29] . In the present work, it was observed that K + and Na 
and forming strong surface complexes within the material. The next step in this investigation was to confirm the location of the infiltrated ions. It is well known that MFI-type zeolites have an intrinsic pore size of 0.54-0.56 nm [19, [41] [42] [43] ; but smaller intrinsic pores (e.g. ~0.3 nm), micropores of 1.1-1.2 nm and mesopores > 2.5 nm have also been measured by positron annihilation lifetime spectroscopy (PALS) [28, 29] . Micropores of size between 1 nm and 2.5 nm have been previously detected in silicalite-1 by n-hexane porosimetry [44] . As mentioned earlier, the kinetic diameter of water (0.276 nm, 
adsorption and exchange observed due to exposure to multivalent ion solution (Table 2 and Fig. 1 ) is likely occurring in the 1-2.5 nm micropores and >2.5 nm mesopores.
Despite this, molecular dynamics simulation has shown that hydrated Na + can enter the intrinsic pores of MFI-type zeolite, but is hindered by the restricted diffusion of the counter ion Cl -which is repelled by the negatively charged zeolite surface [34] . This is supported by experimental data which shows Na + and K + diffusion through an MFI-type zeolite membrane upon increase in temperature, explained by the potential widening of the intrinsic pores and/or reduction in size of the hydrated ions enabling diffusion of Na + , K + and Cl - [25] . Regardless, Fe 3+ and Al 3+ are too large to enter the intrinsic pores, so their significant uptake into the zeolite must have occurred within the larger defect pores.
XRD and structure refinement
The XRD patterns (Fig. 2) [20, 29, 43] . It was found that the powder samples treated by DI water and multivalent ion solution had the same MFI pattern fingerprint to the original MFI-type zeolite (Fig. 2a) , but a slight shift in the most intense Bragg peak (101) was observed in the zeolite samples exposed to DI water and ion solution (Fig. 2b inset) . This implies a change in crystal dimension. The fitting patterns of the original MFI-type zeolite powder sample from Rietveld structural refinement are shown in Supplemental Material Figure S1 , which confirmed effectiveness of the Rietveld refinement. The unit-cell parameters and volume from
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Rietveld structural refinement for the MFI-type zeolite powder samples are given in Table 3 and the changes in unit-cell parameters are shown in Figure 3 . The unit-cell parameters and volume of the MFI-type zeolite sample increased after 48 h exposure to DI water compared to the original sample. Unit-cell dimension in a-, band c-directions changed 0.79%, 0.78% and 0.76% respectively (Fig. 3) for the zeolite sample exposed to DI water, indicating that expansion occurred in the lattice structure of MFI-type zeolite. Lattice expansion has also been observed in MFI-type zeolites due to exposure to pure water [48] or KCl solution (e.g. 0.05 M) [28] . While the unit-cell dimensions became smaller (Table 3) , with a change of -0.75%, -0.71% and -0.67% in a-, b-and c-directions respectively (Fig. 3) , after 48 h exposure of the MFI-type zeolite sample to ion solution compared to the original sample. This result indicates that shrinkage occurred in the lattice structure after infiltration of the trivalent ions (and departure of the monovalent ions). Typically, crystals expand in the presence of ions [49] , which makes the observation of contraction for the multivalent ion solution exposed zeolites an unusual finding. However, crystal contraction has been observed for zeolites when undergoing dehydration and it was concluded that the presence of ions is responsible for significant deformation of the native zeolite framework upon dehydration [50] . Our material has undergone the opposite treatment. During synthesis, zeolites with Na + from NaOH used in synthesis and K + from synthesis impurities (found in TPAOH) contracted during calcination to remove the template. Upon 'conditioning' in DI water, the crystal relaxed and expanded upon rehydration with water despite the departure of Na + and K + as observed in Table 3 . Meanwhile with the exposure of the same zeolite material to the ion mixture, the crystals conformed to equilibrium and contracted relative to their deformed state from synthesis to achieve this more relaxed structure. This was also observed when the MFI-type zeolite was exposed to seawater M A N U S C R I P T
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19 [29] . While it is not possible to confirm with the present data, uniquely in this case the infiltration of trivalent ions into the defects and enhanced removal of monovalent ions compared to DI water exposure (likely from the intrinsic zeolite pores) led to this more contracted crystal. The adsorption isotherms of N 2 at 77 K for the MFI-type zeolite powders shown in Figure 4 can be classified as type-IV [51] with jump in adsorption at a relative pressure P/P 0 of around 0.2 due to adsorption hysteresis observed in the desorption branch (not shown). The hysteresis loop is due to capillary condensation within mesopores [52] .
The uptake of nitrogen at low relative pressures (P/P 0 < 0.2) is due to micropore filling [41, 53] . The samples are, therefore, microporous in nature with a contribution from mesopores consistent with the hierarchical structure of zeolites discussed earlier related to intrinsic and defect pores. both DI water and ion solution exposure led to the departure of monovalent cations from the zeolite that opened up the smaller pore spaces giving the observed increase in micropore proportion. The DI water isotherm appeared to shift uniformly upwards indicating opening of the smallest micropores measured by the first adsorption data point, which added uniformly to all other points on the isotherm. While this increase also occurred for the ion solution exposed zeolite, there was a proportional decline at P/P 0 around 0.4 indicating closure of larger pores, which could be explained by the release of monovalent ions which was in turn accompanied by adsorption of larger multivalent ions that effectively 'closed' the larger micropores. It is possible that large Al 3+ and Fe 3+ ions might physically occupy the mesoporous space, thus reducing the mesopore proportion while the departed monovalent ions led to increasing the relative micropore proportion. 
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Infiltration of ions into zeolite membrane
Prior to the ion infiltration test, the membrane was first confirmed as having a zeolite coating by measuring rejection of NaCl solution (3,000 mgL -1 TDS). The membrane showed an average salt rejection of 31% with a flux of 2 Lm -2 h -1 measured at 7 MPa pressure drop. This is lower than that expected for zeolite desalination membranes, where >90% salt rejections are expected [12, 25] , but shows an intact zeolite coating with some non-selective water flux through defects. This membrane is suitable for investigating ion infiltration.
After testing with NaCl solution, the membrane was flushed with DI water and then fed with the ion solution at 7 MPa and 21°C for 8 hours of similar composition to the 'Untreated solution' in Table 2 . EC rejection was 71% and water flux ranged from 0. , highlighting that all ions had infiltrated through the zeolite film. Pa -1 ) [25] . Interestingly the ion infiltrated membrane N 2 permeance was closer to this value, being an order of magnitude smaller than the as synthesised membrane. Clearly infiltration of ions has blocked gas permeation channels in the membrane. While this is a positive sign towards defect blocking, it did not lead to increased He/N 2 permselectivity (permeance ratio between He and N 2 ) where the value remained unchanged compared to the original membrane, and was smaller than reported by others (~3.0) [56] . Size exclusion selectivity between He (kinetic diameter 0.26 nm) and M A N U S C R I P T
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24 N 2 (kinetic diameter 0.36 nm) is not expected in the intrinsic pores (0.56 nm) of zeolite since both gases are smaller than the zeolite pore channels, but Knudsen ideal selectivity of at least 2.6 could be expected. While our application of single gas permeation gave us the ability to rapidly assess the membrane film intactness, we are aware that the permeation test of single gases (He or N 2 ) can only provide information on the change in gas flow resistance through the membrane, and does not assist in understanding changes to the selective structure. Direct measurement of the pore morphology of the membrane film using techniques such as evaporporometry and nano-permporometry would give a better understanding of the pore size. If there is any benefit of infiltrating the zeolite with the ions to gas or vapour separation, a dedicated study on these applications would be required. However, this work will consider the practical benefits to rejection of salts in saline solutions. For water separation the hydrated ions are larger than the intrinsic zeolite pore channels, so their rejection can be affected by blocking of larger mesoporous defects. 
Binding strength of ions infiltrated in zeolite membrane
The strength of the association of the ions infiltrated into the zeolite membrane was measured by attempting to remove them with acid solution and water. To do this, the membrane was flushed with DI water and then fed with 1 M HCl solution at an applied pressure of 7 MPa and 21 ºC followed by DI water flushing under the same conditions. , Al 3+ , Ca 2+ and Mg 2+ were also expressed as weight percentage of the total amount of only these ions in one permeate (Fig. 6 inset) . The proportions of the cations in the pre-filtered multivalent ion-rich feed solution were also included in Figure 6 (inset) for comparison. The results (Fig. 6 inset) showed a relatively larger proportion of Al 3+ present in the permeate samples from all the cleaning steps. Fe 3+ and Mg 2+ were consistently lower in proportion to what was originally fed. Ca 2+ measured for the permeate samples was proportionately high compared to the original multivalent ion solution. It appears that Al 3+ and Ca 2+ were released more in proportion from the zeolite compared to all other cations, even when cleaning with HCl that would remove more tightly bound ions (Fig. 6 inset) . Ca 2+ and Mg 2+ can be regarded as not having a major role in the structure compared to the other ions, as only a very small amount was taken up by the zeolite according to powder infiltration study ( Table 6 ). The interactions appear to be mostly controlled by Al 3+ and Fe 3+ as far greater quantities (Table 6) were taken up by the zeolite observed in the powder infiltration study. Fe 3+ was
proportionately lower in the permeates than Al 3+ (Fig. 6 inset) and removed 10 time less from the membrane compared to Al 3+ but showed the highest total amount (similar level to Al 3+ ) adsorbed in zeolite material in ion infiltration experiments ( Elemental analysis (Table 7) was also conducted by EDS on the zeolite membrane surface before and after ion infiltration test. It should be noted that the membrane being analysed by EDS was subjected to HCl solution and DI water permeation after the ion infiltration test. Therefore, the detection of ions after the ion infiltration test and acid and DI water cleaning indicates that the loosely bound ions were rinsed away, leaving only ions that were tightly bound with the zeolite structure. As shown in Table 7 , Fe, Al and S were present in higher concentrations at the membrane surface after exposure to the multivalent ion solution. This confirmed that zeolites strongly interacted with ions present in ion solution during ion infiltration and the ions have penetrated into the zeolite structure (larger microporous grain boundaries and mesopores). The EDS results
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30 also showed an overall reduction in Si proportion, indicating that the major ions from the ion solution were making up a larger proportion of the material. To confirm the practical effect of the ion blocking treatment, improvement to desalination performance by the novel infiltration method applied to four randomly selected membranes produced in our labs was trialled. These membranes were taken from a set that showed at least a two orders of magnitude gas permeation ensuring that a zeolite layer had been formed and thus would be performance limited by defects within the zeolite film. The results are shown in Table 8 . Various sizes of substrates were included in the trial, all coated with zeolite prepared by the same technique of seed rubbing and secondary growth. Here we can see that the infiltration made substantial improvements to the ability of the membrane to resist diffusion of salt in comparison to water (EC rejection rise). This was particularly important for the longer membranes of 300 mm length which are more prone to defect formation over the longer substrate length. In both of these cases, infiltration yielded a membrane with much higher EC rejection (up to 49%) from a membrane which exhibited little or no EC rejection initially. In all cases, however, a substantial loss in flux was observed which would be expected if the defect flow was inhibited by the blocking ions. Regardless, it appears that infiltration of the ion solution into the zeolite membrane using a setup that is essentially identical to simple reverse osmosis (pressurised flow) has consistently achieved improvement to the desalination performance compare to the as synthesised membrane. Blocking of gases was also observed (Table 5 ) but benefits to the more common application of zeolite membranes to gas separation (including organic molecules) and pervaporation (e.g. alcohol/water pervaporation) should be explored in M A N U S C R I P T
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32 further work to fully validate this proposed infiltration technique more widely for zeolite membrane application. The means by which the ions firmly anchor within the structure relates to the association of the ions with the zeolite surface. The ideal silicalite used in this work is not regarded as having sites for ion exchange due to the absence of alumina [29, 57] , so ion co-ordination to the surface must be due to the silica surface physical and chemical properties. It is known that silanol groups (geminal, vicinal and isolated silanols) can form not only on the surface but also within the structure of silica, and the hydroxyl M A N U S C R I P T
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(OH) groups are the main adsorption centres when interacting with the adsorbates [58, 59] . Similar to silica, Si-OH groups can also form either on the external surface of silicalite or within the zeolite lattice by adsorption of water molecules [60] . Ion adsorption can modify the surface, and the competition for adsorption sites by hydrated ion is governed by the relative degree of hydration, the size of the ion, the ion's valency and indeed the surface sites of attraction on the zeolite including the various arrangements of silanol groups [59] . The mechanism of ion association with the silica surface has been proposed according to [61] :
where x is the number of water molecules associated with the metal ion, M, and y is the ion valency. This may be considered as the key association mechanism where no organic molecules are present. Ions with higher valency can associate with more sites enabling strong complexes to be formed, where adsorption of specific ions is dependent on the geometry of the co-ordination bonds that can be formed. It was also pointed out that adsorption of polybasic ions is essentially irreversible [61, 62] , and chelation could involve surface silanol groups replacing water molecules from the metal ion as follows:
M A N U S C R I P T A C C E P T E D [63] . Therefore according to the research on ion interactions with silica surfaces, the procedure adopted to infiltrate the ions at pH 2 appears to have been a key part in favouring strong chelating behaviour of Al 3+ and Fe 3+ to the silicalite surface [61, 64] . Impurities need also to be considered, where it is known that Na and K impurities coming from zeolite synthesis (alkaline medium and template), or Al coming from the zeolite growth on the membrane (from Al 2 O 3 support) [18, 36, 37] . These can be present also within the final zeolite. Na or K can take place of the silanol protons [58] which is well known for aluminosilicate zeolites including ZSM-5 [29, 65] . However this behaviour is not considered significant as the presence of Al in the original zeolite membrane was minor in comparison to Si according to EDS results (Table 7) , and therefore the strong chelating effect of Fe 3+ and Al 3+ at low pH is more likely following the reported behaviours on pure silica. 
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Highlights:
A unique ion blocking for defect repair of MFI-type zeolite membranes was revealed.
Improvement to desalination performance was verified on defect repaired membranes.
The technique could be utilised for defect repair of zeolite membranes more widely.
